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SUMMARY

The object of this study has been to calculate the primary radiation incident on
earth-orbiting vehicles during a solar flare. The effects of the earth's geomagnetic
field have been taken into account, as well as those of a perturbing field due to the
geomagnetic storm associated with a solar flare. Simple earth shadow effects have
also been taken into account. Using this primary radiation as source function, dose
rates for given orbits are then calculated using a computer routine. Dose rates are
computed for typical orbits within a typical vehicle for the solar flares of February 23,
1956 and November 12, 1960,
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SECTION I - INTRODUCTION

The solar flare radiation hazard referred to in the title of this report is due to
the increased solar cosmic radiation and the geomagnetic storm associated with a
solar flare. The effect of the former in increasing the dose of a target is obvious,
the second is due to the fact that a change in the earth's magnetic field results in a
change in the natural magnetic shiilding, thereby permitting particles of greater or
lesser energy to arrive than during the ""quiet" magnetic state.

in this study we assume that the distribution of the particles at large distances
from the earth's field is isotropic, and an application of Liouville's Theorem tells
us that the intensity of particles in any allowed direction is the same as at their
starting point. 1) It therefore suffices to determine the allowed directions at the
point in question. In the absence of magnetic effects other than that due to the earth's
dipole, we assume that these are given by the classical Stormer theory, neglecting
earth's shadow effects. In the presence of a magnetic disturbance, we assume that
this allowed Stbrmer cone is modified. In order to calculate this modification on the
same basis we must assume that the cylindrical symmetry of the problem is not
broken, thus enabling a modified Stormer integral of the motion to be obtained. The
geometric shadgw due to the earth on the assumption of straight line trajectories is .
also included optionally in the coded analysis.

The theoretical analysis also allows us to obtain expressions for the cut-off

rigidities for particles arriving from any direction at a point in the earth's magnetosphere.
The complete computer program therefore consists of three parts:

Part (1): A trajectory routine which supplies the orbit points for any required
mission of the satellite or other vehicle at which the does rate is
Tequired

Part (2): The radiation environment routine which describes the differential

- energy flux of primary particles incident upon the vehicle

Part (3): A dose routine which calculates the dose rate at an interior point of
the vehicle for the given mission in rads per orbit, given the vehicle's
structure.
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The report concludes with a series of graphs showing pictorially the results of
these effects on the dose rate for a typical orbit during the two specific solar events
of 23 February 1956 and 12 November 1960,
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SECTION IT - GEOPHYSICS DISCUSSION

A. GEOMAGNETIC DIPOLE MODEL

The coordinate system used later in the theoretical section of this report will
be a geomagnetic system based on the eccentrié dipole model. This assumes that the
carth's magnetic field in the quiet state, i.e., in ihe absence of magnetic storms and
ignoring the solar wind, is that due to a dipole whose center is placed at the point
1= 0.0685 earth radii, longitude ¢ = 150. 9°E, latitude A= 15.6°N, and whose axis
is tilted along the direction ¢=68.9° A=11,7° 2) These parameters are referred
to in the computer programas T, o, 2, T, { (T, alpha, beta, eta, zeta). The
transformation from geographic to geomagnetic coordinates is thus achieved by

I

S = L)L (F)L (T %,B) X

where:

L3(T, a, &) performs a translation (X,Y, Z) ~ (X-Tcospcosa, Y- T cosp sinx,

Z - T sing )
L2(121 -mM performs a rotation about the resulting Z axis by -g— - T, degrees,
Ll((,) performs a rotation about the resulting X axis by ¢ degrees.

The resulting transformation from geographic coordinates Xi to geomagnetic
coordinates X'i' is

X" = (X—T(oxﬁcou)omy + (X—Tcwﬁsalu)&w

Y' = [-(x- T )9 +[Y4m/asm)m7]mz;

+ (- T s ) don

AR [ (X - 7(0:)/8 (g ) (29 %) —()’—T(aﬂf( mx)mﬂmé

~ /Z—~TM(5}@3 5
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B. SOLAR FLARE PARTICLE RADIATION

Following Freier and Webber(3) we use the following two-parameter rigidity
spectrum to describe the particle radiation occurring during a solar flare
J(>P) =Jo €XP (—P/Tp)
Here J( > P) is the integral intensity (particles/cm2 - sec - ster) and P is the
momentum per unit charge or rigidity. The parameters J oand P o e functions
of time. The differential intensity spectrum is thus

i~ 1 O / — /DN e o~
dJ/av = dh/L)exP (-F/R)
from which the differential energy fluxes may be obtained as

dJ/dT = (d3/dP)(dP/dT)
" A3AT = (a7/dp) (rr m) /(1% 2T )"

In Appendix I data are given for the flares of February 23, 1956 and November 12,
1960, and it is shown how analytic fits for the parameters Jo(t) and P olt) are obtained.

The manner in which these differential fluxes are used in the numerical routine
is as follows. Tt is shown in the theoretical discussion later that the allowed directions
of particle arrival at the target fill a cone, the Allowed StSrmer cone, of solid
angle {i. On the assumption of isotropy and the use of Liouville's theorem as mentioned
in the introduction, the flux impinging on the target, considered as a fictitious omni-
directional flux, is therefore

T, (T &) = (L1/47) dT/dT

and it is this number which gives the radiation environment; it is printed as out to

the Computer Program of Part II. The other print-out is J ¢- (P, t) = (2(dJ/dP),
which is used as an intermediate step in the calculation. This fictitious omni-
directional flux is used only for dose calculations involving vehicles consisting of
concentric spheres. In the general, nou—symmetri@: case handled by the dose code,
the correct flux (—é—" J DC)’ together with the allowed solid angle (}, are the necessary

input,
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C. GEOMAGNETIC STORM MODEL

During a solar flare it is sometimes found that the plasma arriving at the earth
brings withjit a magnetic field, thus perturbing the quiet geomagnetic dipole field.
(We ignore here higher moment effects, as well as the solar wind distortion.) The
simple model we choose here is that of a uniform perturbing field, parallel or anti-
parallel to the dipole field of the earth at the geomagnetic equator. We allow this
field to vary with time, and the general variation is found to be as follows. During
the initial part of the storm, the uniform field is such as to enhance that due to the
earth's dipole at the equator. This is referred to as the Initial Phase in this report
(sometimes it is divided into a sudden commencement SC and the initial phase IP).
Later on this field becomes negative, and we enter upon the Main Phase (MP) of the

storm (which is also sometimes subdivided into a main phase and a recovery phase).

As a uniform field extending to infinity is not a physical concept - indeed particles
would be able to arrive at the earth only at the poles in such a model - we consider

here only terminated fields for the two storm phases, following the model of Obayashi
4)
and Hakura.

If we take a geomagnetic spherical polar coordinate system such that the earth's
dipole may be represented by the vector potential

A =To,0, Mwns/n] )

then we may include an additional uniform field A H by putting
f}_' =[0,0, MSm[x™- £ AH  Sum o) @
We see that the total magnetic field at the point (r, 3, ¢) is given by
H = [211 (0977 - W (36, MSimbfr’+ AktmO, 0] @)
We terminate this field by assuming either

@ HA_ =0 at a=7, ; e AW =;m[/fo'3 corresponding to the initial

phase, or
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2 He=0 at =" - ie, AWZ= «-M{rﬂ"l corresponding

'

(4)

to the main phase.

In practice, for simplicity and uniformity of notation, we use the parameter T, to

represent the addition field where

v /s
o = (2M/BW) (5)
and may be positive or negative to represent both phases.

. In Appendix I the analytic representation of the geomagnetic storm disturbance
as a function of time is given, and the parameters fitting the curves to the known data
of the storms of 23 February 1956 and 12 November 1960 are given. The computer
program of Part 2 (Flux Environment Routine) also allows for a tabular input of
geomagnetic storm AH values.
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SECTION II -~ DISCUSSION OF THE THEORY

A. STORMER THEORY

We may write the Lagrangian for a charged particle of rest mass m, ina
mmagnetic potential A as ()

X - ~m, (-7 +(Ze/£/ A (1)

In the case of a potential given by

A - Lo o, Aytm6)] @

—

in the spherical coordinate system of IIC, the coordinate ¢ is ignorable, leading to
the intégral of motion

Pg“\'\’lo(“\lk/cl)%’fts‘l’“iefz *2’57W9A¢ = [ (constant) (3)

Defining the arigle w by cosw = r sind o/v, the angle which the velocity of the particle
makes with the aximuthal direction, we have, putting m = mo( 1- vz/cz)-l/ 2,

0s® = T/mTVUmG —(Ze/fmve) Ap 4)

The conventional form of this integral of the motion in the case of a pure dipole field

(Ao= Msin®/r?) is obtained by defining
L {Z eM/muvc)
and Y= famvd (5)

we may then use StSrmer units r_ =t/ L to obtain

(AW = A¥[ A mB "MQ//T,‘ (6)
The allowed regions in space are then those for which

| | < 1 | | @

The boundaries of such regions are those curves given by

| oy | = { &)
or .
2% A sm@ —amb[/ar = 1 e
7




Examples of these regions for various values of vy are given in Figure 1. Apart
from the point (r = 0, 8 = 0) the boundaries cut the equator where 2y /r-1/ r2=:!.~1;

a one-point pass connecting the outer and inner allowed regions exists when the
boundary of the outer forbidden region (corresponding to cosw = + 1) cuts the equator .
at a double-point. This occurs for y=1.

The Stbrmer cone is that cone generated by the trajectories permitted to arrive
at the point (rg , 8) on the basis of equation 6. The surface of this cone will be
generated by these particles which can just arrive at the point in question via a one-
point pass; this corresponds to v having its critical value vy c = 1. The correspond-
ing value of cosw is cosw , = 2/ (rssine) - sin 9/1‘82 and the solid angle of the
allowed stormer cone is

O =2 ) (10)

It should now be noted that the Stormer cone is an upper limit to the allowed

. cone of trajectories insofar as all trajectories lying outside are definitely forbidden,

but that not all trajectories within may eventually reach the point of interest, the
earth's shadow, for example, being one of the factors precluding the arrival of some
pe'n'ticles. Another factor is the geomagnetic penumbral effect, discussed in
reference (1), where further references are cited. The geometrical earth's shadow,

on the basis of straight line trajectories, may be allowed for by simply subtracting
the solid angle the earth subtends at the point of interest. There is an option in
Part 2 of the program enabling this to be done. If we neglect the earth's shadow the
Stbrmer cone gives an upper limit to the particle radiation which may be received

at a given point in space, and as such is a safe overestimate.

B. CUT-OFFS

On the basis of the above St8rmer Theory we may calculate the minimum
momentum which a particle must have to arrive at a point in space (,re, ! e)' making
an angle W, with the azimuth. At arrival we must have from (6)

@ We = V4o sm8, -4 Lnbe /e (1)



The geometrical parameters ( Ty 0 o’ we) thus relate the dynamical parameters (£, v)
by

av = (k) ok (12)

where a = e / o e (13)

Vg = e (K We /S6ube = Ty (AU OSiny (18)

Throughout the trajectory (7) must hold; in fact, as discussed above, the particle will
just arrive at the point of interest, arriving through the one point pass, if the outer
boundary region determined by cos w= 1 cuts the equator at a double point. Thus

U=4)/ar - A= (15)

has a double root, where we have eliminated v by (12). This occurs when £=a +./a:2 -b,
where we choose the larger £ value, corresponding to minimum momentum. This
gives the cut-off momentum for a simple dipole field

e Ain e .
T M it (-aiCetoie)t ]

b(’fe.ge ) We) (16)

;Measuring momentum in BeV/c , distance in earth-radii, and using A for geomagnetic
(latitude, we have the standard expression :

b - (S‘%HZ/TI) A1+ U-(mjﬁ @)t [ an

The quantities of particular interest are the cut-off momenta corresponding to

cosw=-1, p

¢ min > G057 0, p

and cosw =1, P, .

c vert; max

It is noteworthy that the value of v ( 12 +b/2ag = 1) is here independent of the
momentum, This is not the case in general.
C. MODIFIED STORMER THEORY

We may proceed in a manner similar to that of the two previous sections when
there is present an additional uniform magnetic field of the type described in IIC.
The vector potential is now

A =[0,0 MUmb/r*~ L OH.¥SImb ] (18)

9
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and the stbrmer integral IIIA (4) becomes

Cos W = ay /A tin& -Suns L+ mtime L]0 (19)
using the parameter r o of IIC(5).

As before, the boundaries of the forbidden regions are given by |cosw| = 1;
on the equator these points are thus given by

: 71
yhjm = A+ akfnr= =1 20)

I
. ot (Ll s rtessle f20 e

As well as the inner forbidden region corresponding to the smallest positive root of

f (r) =0, and an intermediate forbidden region corresponding to the two smallest

positive roots of f +r) =0, we now have in addition an outer forbidden region correspond-

ing to a root of f+(r) = 0 for T, > O (nitial Phase)or f (r) = 0 for T, < 0 (Main

Phase). Examples of the corresponding Stérmer diagrams are given in Figure II. These

outer forbidden regions play no role here, for it may be shown that they occur for
r > | Tl s i.e., beyond the point at which we assume our field to be terminated
(Appendix IV).

The condition for a one point pass is now simply that the equation f = 0 have
a double root - the two smallest positive roots coinciding with the smallest positive
root of f (r)=0. Details of this method of determining the critical value of vy -

which now depends on momentum - are given in Appendix IV.

[
D. MODIFIED CUT-OFFS

When we wish {o calculate the cut-off momentum due to an additional uniform

magnetic field in the presence of a dipole field, the method used is exactly analogous

"to that of B. The particle arrives at (re, ) e) with azimuth angle w, giving

(0} We = ;Xﬂ/ﬁesm Qe—,g L Oelrte + MeSMb, [7%3 (22)

10



The dynamical quantities (v, £ ) are thus related by

2y A byl @)
where A= N LAW'8, 0 el/ i )]-l (24)
A= e 0y A, A (25)

Throughout the trajectory ) L
o) = | (L+b)aTims - £ M//f‘(x- 4?) | <

and the condition for a one-point pass is that this equation for cosw = 1 should have a
double root on the equator. As in Appendix IV we find that this equation

Wimyas - a~+{W+b)jaf v = L= 0 6)
has a double root when that root coincides with the lower positive root of the derived
equation

R&/ad)r -2 ~{+Bla =0 27)
This double root is

Moae = (2 [3U N1 ~) (28)

where < = {1 = Glatyr (A" (29)
On substituting this double root into the original equation we have

L3-%hod>+h = 274270 (30)

which together with L5 = 1-3 Z\u‘*m/ aty’ (31)

determines the value of o, and thus £, corresponding to the cut off momentum required.
For a numerical solution we eliminate { between equations 30 and 31 to obtain the quartic
in o

A“(1-R)- (1 2R-38) ~* (W - Y2 B) +oL(n"2A-38+C) + Ct,,-yH-}iBf*,() =0

3,3 3 3 6 32)
where = -27a /4ro = -—9::1b/2r0 C=27b /21'o (Appendix V).

11
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In the case of small perturbing fields AH, it is shown in Appendix V that the
following analytic solution for the cut-off momentum at angle w may be obtained

P(An\ (o)L * "' Ahn {[H'”(M)\'l}] (33)

where k= (- @R Ciﬂjl\) (A= Mm&) ; for vertical incidence this reduces
to

veRY vamT AH -4
P(Dd\ = P(Q) [i t (L' (03 A I )] (34)
where P ©) is the appropriate cut-off in the absence of the field A H.

E. EARTH'S SHADOW EFFECT

It is a straightforward matter to take the earth's physical presence into account
in the foregoing work if we assume that the solar particles move along straight lines
within the allowed Stormer cone. We simply subtract those trajectories which inter-
sect the geometrical shadow cone of the earth at the point of interest. This calculation
is exhibited in Appendix III, and an option has been incorporated into the computer code
for Part (2) to perform this modification numerically.

However, we know that in fact the incident particles do not, in general, move
along straight lines, and so the above method is at best an approximation to the actual
effect of the earth on the trajectories. Some justification for the straight line approach
may be given by considering the motion of a particle in a region near the point of interest
within which the earth's field may be considered uniform. Equating the Lorentz Force
e Vv XxB to the centripetal force for motion in a circle radius Py vaJ. / p,leads to the
well known expression for the radius of gyration p=m v. ¢/ZeB where v. is the

component of velocity normalfo B . For a relativistic problem this becomes

p = (Eerf300) (W.]C) (1] Bapuss) cms

where Eev is the total energ% of the particle in electron volts. This tells us that for
a 1 BeV proton ( Eev = 2.107) the maximum value for p is about 175 kms (and
also that the earth's field may be considered a posteriorias uniform since it does not
change appreciably within this distance). For typical satellite altitudes which are
greater than 175 kms, protons of energy less than 1 BeV may be considered to move
along field lines near the satellite. Now the earth's dipole field makes an angle o

to the vertical given by

12
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fone £ = K oA (A = geomagnetic latitude)

and‘so, except for the vicinity of the geomagnetic equator where the cut-off already
prevents particles of the energies being discussed here from arriving, the solid
earth's shadow may be considered as blocking off that half of the particles travelling
along the field lines leaving the earth. This fraction, one half, is also the figure

approximately arrived at on the basis of geometrical considerations,

The above viewpoint is not expected to be applicable to the higher energy galactic
cosmic rays.

F. NON-DIPOLE EFFECTS

We consider now the manner in which the earth's magnetic field differs from
that of a simple dipole. These effects are:

1) Higher multipole terms with axial symmetry
(2) Non-axially-symmetric terms.

1, Higher Multipole Terms with Axial Symmetry

In general, the magnetic potential of the earth may be expressed as

o0

V = Z Mo (Aefr Ym ‘}; (r = radial distance, r_=earth radius)

where —

| =

3
Ns v

(‘}WM Coﬁfm¢ + }\,Mwmmﬁ) P,,\M(e)

(39)

2

v

Here, gnm and hnm are the gauss coefficients, ¢ is the geographic longitude, g the
geographic colatitude, and pnm(O) are spherical harmonics (suitably normalized). The

" squared value of 'I‘n averaged over the complete spherical surface is given by

wl MZ:[QX“)L* (}me)j/(?-’nﬂ) (36)

13
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Using the Gauss coeificients given by Finch and Leaton, (8) Quenby and Webber(g)
tabulate the various terms (see Table on page 17). From this table it can be seen
that the relative importance of the higher multipole terms diminishes as we go
further out in the magnetosphere. The model chosen in this work - that of the
eccentric dipole - is such that the quadrupole terms g2°, gzl, h21 vanish, and
so gives improved values over those of the table, which refer to a tilted dipole.
Even in the latter case, however, the higher order terms noted do not amount to
more than 20% of the dipole contribution at the earth's surface.

In order to account for higher multipole terms in the framework of the present
theory, it would be necessary to assume that the cylindrical symmetry of the problem
was not destroyed. We should thus retain only the @ dependence, and express the
vector potential, in the notation of Section III-A, as

, = 1 ~{mti
nglney - >, M, P (8)77"% @)
The Stormer integral (IITA-4) would still exist

_ P ﬂ)
DD = s MZM

We may write this in dimensionless form as before, defining

¥: rfemvi , L=(Ze M’.//wwc)/‘, o =mfi

(W = 3¥[sme Z R, 0 16) ™ (39)

. _ n-1
We have defined k_ = MI/M1 L

If we wish to include a uniform perturbing field in addition, we must supplement the

above integral by the term r sme/ o8

where ros=ro/[, , AH=2M1/1'0

A H being the uniform perturbing field.

14




Thus, evenin the next mostsimple case aifer the dipole, the Stormer
integral for a quadrupole term becomes

L4

LR = RFASME ~ Longfry -3k (DO Um o/ag’fﬁSohe/f.?m)
The following two additional complications are iniroduced:

(i) The equation is of higher order in T making the determination
of its roots, and thus the cut-off, more difficult.

(ii)  The latitude symmetry in 8 has been destroyed, and the Stormer

jaws may not now be assumed to open on the equator.

In view of the fact that this approach retains the approximation of
- symmetry, it does not seem worthwile to pursue it in the light of the increasing
numerical complexity involved. We should not expect the error caused by neglecting
the term -3kzcosO sine/rs3 in equation (4) to be more than 20% near the equator;
near the poles the percentage error could be much greater due to the cosd term, but
numerically the cut-offs are small in this region and so the difference will not be
great. These estimates are substantiated by the numerical results of reference 9
(given in their table 2). We discuss this approach next.

2. Non-Axially-Symmetric Terms

One of the most important influences which destroy the axial symmetry
of the earth's magnetosphere is that due to the solar wind. This causes the boundary
of the magnetosphere to be distorted in the well-known manner of elongation on the
night side and compression on the day side. In addition, the earth's field is not pure
dipole in character, even well within the magnetosphere boundary, as indicated above.
A semi-empirical method for calculating vertical cut-offs due to Quenby and Webber(g)
is to replace the earth's dipole by an imaginary 'best-fit" local dipole. Thus the
vertical cut-off rigidity -~ P = Mcos4/\ /4re2 becomes PM = Mcos ;\ /4re2 » where
the new latitude A is defined by

15
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A o= Lo Pc*%»w” |
Z(H(,*O'SZ.AH)j ’

Vc . Hc are the vertical and horizontal components of the dipole field at the point

in question, A V, AH are the departures at that point irom a pure dipole. Near the

equator (latitudes < 20°) the expression for PM is modified -
Po= M 1+ 0bbH o)
41 L He 4

As this approach uses measured deviations from dipole of the surface field components,
it is not expected to be adequate for the calculation of cut-offs further out in the magneto-
sphere. To do this a description of the field similar to 'that known on earth must be
given. This would require either measured values, or a more adequate description of
the interaction of the solar wind with the earth's magnetosphere than is presently avail-
able. However, it is not expected that the higher multipole terms will play an important
role in this region, since they fall off more rapidly in value than the dipole term, as
indicated in the following table. |

‘We should expect there to be a region of space for which the methods we
have used here to be least in error. Well within the solar wind-magnetosphere boundary
we do not expect the distortion due to the solar plasma to be severe. This boundary
may be estimated as

=[ B/ 4T /mxrvv;]"’/rc

where T re are the magnetosphere cavity and earth radii respectively, m the proton
mass, n the plasma density, vy the velocity of the solar plasma, and B the
equatorial magnetic field strength (10) The value of T, = 10.7 r, results from magnetic
field measurements. In addition, beyond 1.5 r, the non—dlpole terms are 10% of the
dipole contribution, Thus for radial distances r, such that 1.5 T, < r <10 Lo

the description given earlier in this section should be adequate.

16




Relative Importance of Spherical Harmonic Terms *

% of Vv, (dipole)

DRi"slg:ie fvzf {V'Si : 4‘ ivsi EV(;( (;: lvt

n=2 ¢
L0 r, 10.4 5.9 2.8 0.9 0.4 20.4
L2 r, 8.7 4.1 1.6 0.4 0.2 15.0
L5 1, 6.8 2.6 0.8 0.2 0.1 10.5
2.0 r, 5.2 1.5 0.3 0.1 0.1 7.1
3.0 T, 3.5 0.7 0.1 0.1 0.1 4.3

T, = 1 earth radius
- v

V= nz=1 Vn

n+1

n =TT, /r)

n

at distance kr (Vi (r /kn+1 \T | » where (T, | was given in Section F.
Radxal dlstances are measured from earth's center.

abe.

This table taken from reference 9.

17
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SECTION IV - THEORY AND EXPERIMENTAL OBSERVATIONS

The essential data necessary to evaluate the results of the present work are the
following:

(1) Magnetic Field Values
(2) Cut-Offs
(3) Dose Rates and Flux Measurements

These measuremenis should be made simultaneously, and above the atmosphere
to avoid the complication of secondary production. The flux measurements should be
carried out at pointé where the isotropic radiation can be determined, i.e., the functions
Js (t) and Po(t) of Section II-B which are the value.s when the magnetosphere plays no
role, as well as at the mission points. It is not surprising that it is difficult to find in
the literature at present missions fulfilling all these conditions. In addition, the con-
ditions under which the dose measurements were performed must be simulated in the
corresponding theoretical calculation, in order to make meaningful comparisons be-
tween theory and experiment. However, there have been missions during which sub-
sets of the total required data have been obtained, and so it is possible to make a
partial comparison with theory.

One of the experiments in which many of the required data were obtained was
that of the satellite Injun I. (11) During this mission cut-offs, fluxes, and magnetic
field values were measured for four distinct solar proton events. The cut-offs were
determined by the arrival of 1 - 15 MeV protons from the vertical direction, in terms
of the McIllwain parameter, L, which we may take as corresponding to geomagnetic
latitude by

A= art (03 L;h (41)

although this relation is strictly true for a pure dipole field only. The vertical cut-
off momentum for protons,

' P = |9 (KA BeVie .

18




which follows from equation (17), putting Z = 1, 7/=1, W = 7/2, may in fact
be more accurately written for the earth's field as o

, P, = (490 (43)
i we take the typical kinetic energy of a proton in the 1-15 MeV group to be 12 MeV,
corresponding to a momentum of about 150 MeV/c, we see that the undisturbed Lo
value should be about 10, correspondingto A= 71°. During the geomagnetic storm
periods we expect this value to be changed; the computer program hberein developed
would enable the exact calculation to be made. But we may estimate the effect of
the geomagnetic main phase storm by using the approximate analytic expression
(equation 34), which we now write as

a4 M3 ]
P =L {1 = "= (44)
where we have neglected 1 with respect to 4L3, and have taken a main phase, and
therefore negative, uniform disturbing field. Since we are told the measured value

of the cut-off is the same in both the disturbed and undisturbed cases, we obtain the
relation between L and AH,

. M[I-ULs
ADH t‘r[ = ] (45)

Thus, the value of L = 4.8, observed on July 13, 1961, corresponds to a disturbance
AH = 55y. which is consistent with the first observed main phase minimum. The
later value L = 3.4 corresponds to AH= 177y, which is greater than the next main
phase minimum observed, but nevertheless in the right direction. The purpose of
the present computer program is to enable one to reproduce numerically the observed
flux and cut-off valués, given the correct input data.

o3

It is more difficult to make meaningful comparisons with experiment for the
dgse rates. To do so requires a machine computation using the correct environment
and shielding data. In addition, dose computations quoted in the literature may differ
by factors of two or three or more, and confusion associated with the gathered data has
resulted in measurements made by two or more groups being shown to be incompatible, *

* Quoted in Reference 14.
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In the absence of detailed information concerning shielding and vehicle trajectory
apart from the environmental data, it is impossible to make other than order of
magnitude comparisons. We consider here two descriptions of the Solar Cosmic Ray
Event of November 12, 1960, in addition to the one given herein; that of Masley and
Goedeke(13) referred to as A, and that of Keller and Pruett, (14) referred to as B.

We note {first the differences in the assumed spectra from the following table.

Peak Intensity(E > 30MeV)  Integrated Intensity(E ¥ 30MeV)

Rrotons/cmz/ sec protons/cm
1.2 x 10° 9.1x 10°
2.4 x 10t 2.7 x 10°

Some peak dose rates we have obtained are:

(i) No geomagnetic field present, 12 rads/100 minute orbit.
(ii) Maximum inclination (82° geomagnetic) in earth's dipole field, 2.5 rads/orbit

(iii) Above orbit, with additional geomagnetic field, 4 rads/orbit,

These values refer to a tissue point at the center of an aluminum sphere 1 cm thick
(2.7 gm/cm?),

The integrated doses given by A, for a sample of air within the shield, and by B
for an integrated skin dose, are approximately 1000 rads and 150 rads, respectively,
extrapolating their figures to a shielding thickness of 2.7 ém/cmz. To estimate an
integrated dose from our figures given above, we replace the actual storm by a 'peak!
storm of duration (infegrated intensity)/(peak intensity). For the figures given by A
this amounts to about 21 hours, for B, 31 hours. The corresponding integrated doses,
roughly obtained by multiplying either time period by the peak dose rate, are, for the
environments of the previous paragraph:

(i)A 151 rads (ii) A 31.5 rads (ili)A 50 rads
(i) B 223 rads (ii) B 46.5 rads (iii)B 74 rads
We note that the order of magnitude obtained for the field-free dose is more in agreement
with B.
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We reiterate that a quantitative evaluation would require a machine computation
with the relevant trajectory, environment, and shiclding input data.

21




4

Y-

SECTION V - CONCLUSIONS

Some of the conclusions of this study may be drawn from the series of graphs with
which this report ends, From the results therein depicted, we see that considerable
changes in dose rate may occur as a result of the magnetic field disturbance during a
gedmagnetic storm. This effect, coupled with the already enhanced radiation present
during a solar particulate storm, may lead to a greatly increased radiation dose experi-
enced by personnel in an earth-orbiting vehicle. The biological and other effects of
this solar flare hazard should be evaluated, whete possible using safe overestimates

of the radiation involved.

The results on the non-concentric spherical shell vehicle indicate that weight -
saving may be achieved by taking advantage of the directionality of the radiation, with-
out losing any effective shielding protection. (See Table IV)

The above deductions only apply within the framework of the magnetic field model
chosen, i.e., a uniform magnetic disturbance superimposed on the earth's dipole and
parallel or anti-parallel to it. In general, the disturbance will not be of such a simple
nature. In addition, the effects of the Solar Wind have been disregarded; it is known that
this plasma stream produces a continual distortion of the earth's dipole field, and is not
representable by a uniform field parallel to the dipole.

Therefore, although the changes of dose rate obtained in the situation here con-
sidered are as anticipated, it would seem that a desirable refinement of the above
approach would use a more realistic magnetic field configuration. It would be of interest
to compare this better approximation to the physical situation with the results of this
present study.
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APPENDIX 1
DATA FOR SOLAR FLARE PARTICULATE RADIATION

The particulate radiation during solar flare storms is parametrized as in IB,

J(P)=4d, exp(—P/Po).

The behavior of the functions J (t) and P _(t) associated with the solar storms of
November 12, \ 1960 and February 23, 1956 is obtained as follows.

It is assumed that these functions can be fitted by the following expressions:

_ . 2 _

g )=  antilog {Fl, m- At -t ) } tet
= antilog {Fz o- S+ to)} t > tq

P_(t)F antilog {Gl, 0- 8t +to)} AR

= antilog {Gz, o-s,t+t)f  t> o

For smooth {itting of the parts of the Jo(t) curve, we impose the conditions
Fom —A(E-6L) R0 ~S(6+6)
2A (ﬁi-(‘m) D)

and for continuity of the Po(t) curve, Gl, o" Sl(tqp + to) = G2’ 0" Sz(tqp + to).

The parameters corresponding to the two storms dealt with here are given in
the following table, Table I.
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Table I

Particulate Radiation Parameters

November 12, 1960

3.716

1.55 x 10°°
1050

1226
4.173
5.47 x 1072
-300
2.389
1552

2. 086

2.95x 1070

5.3 x 1072

24

February 23, 1956

2.146
3.18 x 1078
600

638

2.295
2.41x 1072
0

2.623

0

2.623

2.41x 1074

2.41x 104
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APPENDIX II
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GEOMAGNETIC STORM REPRESENTATION

We shall {it the Initial Phase by a parabola.  We shall arbitrarily divide
geomagnetic storms into Great Storms and Lesser Storms, the criteria being that
the Main Phase should exceed 100 vy in magnitude for the former., Following a
suggestion of Akasofu et al, () to the effect that the Main Phases of Great Storms
seem to consist of a constant plus a variable part, we fit a2 Lesser Storm Main Phase

x/b

by one curve of the form y = - axe , and that of a great storm by the sum of two

. such curves, one of which is invariable for all great storms and corresponds to a

-100y Main Phase maximum.

The input parameters necessary are; G4 Hi (Initial Phase Maximum in gammas),
ti (duration in minutes of the Initial Phase), AHm (Main Phase Minimum in gammas),
tm (time of occurrence of Main Phase Minimum after commencement of geomagnetic

storm, in minutes). In addition the computer program requires t the time in

o(mag)’
minutes when the geomagnetic storm starts with reference to zero as the heginning of

-~  the Particulate Radiation Storm, and AX, Lxg, | giving the spacing of the time points

and final tin‘xe value, in minutes, respectively.

The analytical expressions are:

1. Lesser Storms jAHm1 £ 100y
(i) Initial Phase o= (Adfer)(ect-tY)  teeg
(ii) Main Phase A= -2 7§ Lt/ (b Co)j(e-0) e,xp{(t;~c Y-t} , >t

2, Greater Storms [0H ml 100 y

The Initial Phase fit is exactly as above. The main phase is assumed to be

given by a curve of the form y =.453 xe.X/ﬁ00 + Axe-X/xo , where y=-AH and

x is t-ti.

The first portion on the right hand side has a maximum of 100 at x = 600.
If tm - ti < 600, as is generally the case, we have a maximum at X, approximately,

say X = xo(l + 6). Putting in the condition y' (xm) = 0, for small 6 we get
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§ = (1= xef6e0)/§ 2dtAen (aefuc0 =1) + Aefu00 (2 = KXofo00)}

We may thus find § by the approximation X, = xm, and the approximate value for
A A = (Efom)] | Dbl — 453 X, £xP (~X,../600)}
obtained by putting y = {4 Hx'n“ for x = X A more accurate value of A, B, may
be obtained from the newly found X, = xm(l -6), byputting y= |4 H mt for x = X,
B = §1AHw] = 153X exP (-Am/60)}/{ Xy 0P (- 11-3)]
The form chosen for the main phase of the Great Magnetic Storms is thus
AH = -re53(t-ti) exps -(e-tyb00] + B (t —u){e.xp{—(t-a)/taj

The parameters chosen to represent the geomagnetic sotrms present during the
l Solar Flares of February 23, 1956 and November 12, 1960 are given in Table II.

TABLE II

Geomagnetic Storm Parameters*

23 February 1956 12 November 1960

A Hi 25 50
t. 100 120
AH -300 =300
t 400 480

t > 338 378
o(mag)

* Data for both storms in solar Proton Manual, edited by F. Frank McDonald,
Appendix B, Graph of February Storm in Reference 5.

**  These are the values used in the computer routine for effective comparison

with the geomagnetic storm free case. In actual fact, the February geomagnetic
storm occurred about two days after the particulate storm.
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APPENDIX III
GEOMETRICAL SHADOW OF EARTH

There are essentially only three cases to consider, corresponding to diagrams
A, B, and C of Figure 1V.

Case A: 0< W& 75-{@ (W = sm(g

In this case the earth's geometrical shadow cone is totally within the allowed cone,
and the expression for the effective allowed solid angle is given by

'_Q_eﬂ: = -—O—ST "—QSH , in an obvious notation;
o0 (egy = 2T(1T @, ) 727 (1-@K) = 2 (@ +(AE)

Case B: m 20> ‘"72_+F @ = -So\l\ﬁ

In this case the earth's geometrical shadow cone is totally outside the allowed
cone, and so does not alter the allowed solid angle, S). cif = _D_ ST -
Case C- Tk —{g < W< v/zrlg S@‘F > W >—w

In this final case the earth's geometrical shadow cone and the allowed cone have

a common solid angle, and the resultant effective angle is given by

..Q-e,g_ .Q,‘:r —Q-(
g = 2308 f an e[ Ji-v" mﬁ]dv

~Coufsuf

where

We may evaluate this integral as follows; define y = (cosw/ sin 8 ) and consider

the indefinite integral ) _
[ure am Uf—‘&{a/«(sjdv

{
- ‘} — 5
From the transformation A=NI-Y ﬁw}@ , we get

T-a f X [a‘—x"j"‘:x da 4

i
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Integrating by parts,

I & $xicw]~& *\QM&%—;—:}
\al‘*‘ t}v\ { "‘Cva"'ﬁ }

Now \
Kleon = 23%?[ 1——9 . 19 o]
= 00, T A=alr 20T
oA ‘>[, Li-a Ty,
Thus

~Lcon = Q'u’((-((/.)/@) + REOW MIZM[/'“E—;‘” TBA]G’]
“ 2ol ST SGCF]WCW(SW [

For points near the earth's surface §=n /2 - 6 , where 6§ is small , and the effective
allowed solid angle reduces to

Qe = TUTEAR) + D (T + 2 a4 Son (wow)

We reiterate that the effective Stdrmer cones calculated here are only valid
when the trajectories of the particles considered are straight lines in the vicinity of
the point of interest.
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APPENDIX IV
MODIFIED THEORY OF FORBIDDEN REGIONS

(i) INITIAL PHASE

Here r, > 0, and the equation determining the points where the boundaries of
the forbidden regions cut the equator is

fo (W)= (B s =2y for - A= M
These functions have extremal values where _
3‘; (t) = (3121/}@/7‘ FT —+ A = 0 2)

i.e. at the points

AL = (ﬂou/gilj‘,( ex 3)

{

(31 = «</r03/3)21)< [£) (4)
where L = G - "2{’(3/”03))6' )
and B (7)refers to f (r) (f_(r) ). Thecurves f(r) have the general form of
Figure II-i, from which we see that it is the curve f+(r) which determines the outer

forbidden region. A one-point pass corresponds to the lowest root of f+(r) = 0 being
double, or

75*%‘} =0 | ©)

2 6 —
%(L)= 4> K wty ~AY21,6=0 @)
This equation has a root ., 0<Xc{lfor o 2 /3 L , whence the critical
value of y may be determined by

Ve = (V627 1~ (8)

. We note that this is consistent because the double root g_does occur on the equator

within the field region determined by T, To prove this, note that

o =(asef i) = 138 (atan)f
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since ("'a' }1(04*3/1) = a7 jé/g’fai’ 08

8= fani” A <

In addition the greatest root of f+(r) occurs after the extremal 7 . but

Be = (@ /38 N1714) 7
and so we are beyond the region of the uniform field. This is the justification for the
statement at the end of II C to the effect that the outer forbidden region plays no role.
, hoting that

o

For r < {32 , we define the critical value of y by Yo =—21— r
of

2
L

(¢
/4]
Q
[ty
4]}
]
Q
“:
po
=N
e
<
(¢
Lo}
)

th f+(r) is r_, f+(ro)= 0.

(i) MAIN PHASE
When T, { 0, the relevant double root occurs at
5. - [1ao3 /327 ) (1)
The determining equation for o, (7), remains unchanged, but now there is always a
root crc> 1  leading to a positive value of Yo = (l’fo\l/" e )(‘7(2 —‘)
Again we note that this root occurs in the field region which now is determined by

MU 273 (recall the definition of the terminated field
for the main phase, II C (4), (5). ) To prove this, we must show that

(Jfroi’/w‘)(vz—\) £ 270 |
(«-1) £ 327" L [ira)”
K- 33 -1 & AT 2wt

or

or equivalently that

But from (7) L= * V= 27“/2”'9"

-3 L
s0 we must show that hk +Sl— 34 = "% (ol'])‘l( 0 , which is true.

30




APPENDIX V
CUT-OFFS

In this section we determine analytic expressions for the cut-off momentum for
the arrival of a particle at a point (r, \) with angle w to the east-west direction, in a

magnetic field configuration consisting of the earth plus a uniform perturbing field,
AH, along the dipole axes. '

In the absence of the field AH, it was shown in III B that the cut-off momentum is
given by P ©) =59,4 / 13 BeV/C, where L, is the greater root of the equation
g
j "anlz*/garo
kY
Qo=a3ecr &, = moWsg)

and the zero suffices refer to the absence of the uniform field A H.

1)

In the presence of a uniform field A H, the cut-off momentum is again determined
from the Stbrmer length £, now obtained as a root of the simultaneous equations
given in III-D. These are

(- (a*h) = «271‘/02%‘ (@)
H-(t1) = —(32‘/%3/(25«1}) &

where the parameter @, = (‘2 lVl/ AH )73

Eliminating ., QJ t )1/ (A ) :(2’/ ‘ml)@l'%) z/’LL (4)

When 13= o0 we have the unperturbed S{8rmer case AH = 0, for which the
solution o= 1 exists. This leads b the equation (1) for 2, noted above, by substituting
in (4).

When T, is large we assume that a solution o =1 + £ exists, where ¢t is

small. The values of a and b are now changed from their unperturbed values a,
and bo’ to :

a= Qo (1 —=A7(x2)" = (G, (1+D)
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b= 1}0(!—*/\'3//1-03) :/{7}’0(!-1-6) , 6‘4‘3//".)1.

The equation for . is now, from {3)
A= 260 L0 7o +B)+ A (z+‘o) =0

the grieater root of which, 2, is to be compared with the greater root 2 of (1);
we find that

Vo= 1+ (e/r~8+kD)/2K

The quantity £ , an infinitesimal of order & is determined from equations (2) and
(3). The first equation gives
6 = L+ 31’3//1‘ o?
while elimination of & between (2) and (3) leads to

(k) £2ak=0

The choice of the lower sign correspondingto ¢ = -3 E‘//f o , is that which
leads to the correct unperturbed StSrmer result (1); and so defining

A= (1= dp/02Y" = (1-cond @ *
we have, to first order in § s = ’36(‘+/&)3/OM‘A

Thus ,e,/pot =] - (l’f"é)é.{(“‘é)lwé)\ “lj/Z»k
and P(DH)/P‘") - {'&i /ﬁ‘ FL .
| = |« Qr/c)gf(&fe)‘mﬂha‘j/,&

H
Piawy = P{o)D*C}té)g\g Z((‘*}‘ )seca-1f ]

or
which is the general result of II D for small Al.
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vy =1.01 y=1

v=0.99 y==-0.1
Figure I. StSrmer Diagrams
Figure I shows allowed (clear) and forbidden (shaded) regions in

the meridian plane for the case of a pure dipole field, and for different
values of the Stdrmer constant v.
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(i) Initial Phase (ii) Initial Phase
r,=2.00 y=0.93 r=100 y=0.5
ry>3) 5 <3)

(iii) Main Phase
r, = -0.795
y =1.50

Figure II. Modified Stdbrmer Diagrams
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Figure III. Functions whose roots define Forbidden Region
Equator Intersections
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GRAPHS

The following graphs are the results of numerical computations, using the
three parts of the program, on the following mission:

Trajectory (a) Circular earth-orbit

(b) 200 statute mile altitude, r = 1, 050 T,

(c) 70° geographic inclination - 82° geomagnetic (Max)
d) 70° geographic inclination - 58° geomagnetic (Min)

Environment (a) 23 February 1956 Flare
(b) 12 November 1960 Flare

Vehicle System (@) 1.0 meter radius spherical shell, 1.0 cm
aluminum skin, tissue dose point at center.

(b) eccentric shell, 1. 01 meter radius external
sphere, 1. 005 meter radius inner tangential
sphere, aluminum skin, tissue dose point at
center of inner sphere.

Graphs

J,(t), P(t) and AH(t) for Storm of 23 February 1956

1b Jot) Po(t) and AH(t) for Storm of 12 November 1960

2a Dose Rates - February Storm, Maximum and Minimum Orbits,
Vehicle System (a)

2b Dose Rates - November Storm, Maximum and Minimum Orbits
) Vehicle System (a) .
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TABLE IV

Comparative Dose Rates

Weight and dose ratios for the non-concentric system (b) as a fraction of those
for the concentric system (a), for a given flux environment and various geomagnetic
latitudes. The figure of merit p= 1/(weight ratio x dose rate) is a measure of the

shielding effectiveness of the system (b) compared to that of system (a) in the given
environment.

Latitude Weight Ratio (b/a) Dose Ratio (b/a) Figure of Merit p

0 .5 1.0 2.0
30 .9 1.0 2.0
40 .5 1.0 2.0
50 .5 1.0 2.0
60 .5 .95 2.1
65 .5 .94 2.1
70 .5 1,12 1.8
80 .9 1,12 ~ 1.8
90 .5 1.12 1.8
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